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Summary

This thesis investigates whether gut-brain signalling and intestinal functions are altered by soluble
mediators produced by the opportunistic pathogen Staphylococcus aureus. Afferent nerves are known
to respond to a wide range of stimuli and bacterial infections are frequently associated with symptoms
of afferent signalling. The possibility that intestinal afferents are directly activated by mediators released

from bacteria has however not been previously studied.

We have addressed this question by recording afferent activity in response to supernatants from
cultures of S. aureus (SSA) in an ex-vivo preparation of mouse distal small intestine and colon and
found that SSA induced profound changes of afferent firing when they were perfused into the organ
bath. Using a microbiological approach, we found that ] -haemolysin and phenol-soluble modulins
contributed to the initial excitation and delayed inhibition of spontaneous afferent discharge as well as
mechanosensitivity, respectively. The latter was also particularly involved in SSA-induced changes of
cell membrane permeability in primary neurons measured by propidium iodide fluorescence. Neurons
also express receptors for phenol-soluble modulins and J -haemolysin. Serosal application of SSA was
found to reduced colonic contractility and increased secretion in Ussing chamber experiments. The
prosecretory effect was alleviated in the absence of | -haemolysin. In sharp contrast to the serosal
application, luminal SSA only induced minor changes of intestinal afferent activity and failed to

increase intestinal secretion.

The responses to SSA displayed a large variability and we found that host factors such as bacterial
colonisation and previous inflammation affected the excitatory and inhibitory components of the
response. Surprisingly, Inflammation induced by colonic instillation of TNBS did not change baseline

characteristic of small intestinal afferent nerves.

These findings support the hypothesis that afferent nerves contribute to bacteria sensing which may
play an important role in initiating and controlling the physiological response of the host to bacteria.
Future studies should aim to better understand the mechanisms underlying afferent activation by SSA

and the physiological impacts.
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CHAPTER I

CHAPTER |

General introduction

1 The Gl tract and host-microbe interaction

The gastrointestinal tract is essential for human physiology. It is responsible for degrading and
absorbing nutrients that supply energy for our survival, stores and expels waste products, contributes
to the regulation of hormone levels and homeostasis. In addition, it has sensory and immune-regulatory

functions that are important for brain-gut communication.

1.1 The healthy gut

The GI tract includes the oral cavity, oesophagus, stomach, duodenum, jejunum, ileum, caecum, colon,
rectum and anus. Although each of these segments has distinct functions, all segments share a similar
radial anatomy which includes an epithelial layer, mucosa, submucosa, circular and longitudinal muscle
and segments distal of the stomach are covered with a layer of connective tissue (serosa). It is densely
populated with neurons and fibres of the peripheral and enteric nervous system (Yoo and Mazmanian,
2017). The latter is organised in plexi in the submucosa and between the longitudinal and circular
muscle layers (section 1.1.2, p 20). The GI lumen is highly colonised with bacteria and in fact, it
harbours the largest reservoir of bacteria that is associated with humans with numbers of bacteria
outnumbering human cells (Aagaard et al., 2013; Huttenhower et al., 2012). We are only beginning to
understand the complexity of the symbiosis between commensal bacteria (microbiome) and the
human/mammalian host but it is clear that the intestinal microbiome has essential functions in the
digestive process, provides nutrients and contributes to the development of the immune and nervous
system. In contrast, pathogenic bacteria can have detrimental effects on human physiology and cause
severe acute and chronic disease (Huttenhower et al., 2012; Morrison and Collins, 2016; Pickard et al.,
2017). This section aims to provide an overview on current knowledge on how commensal and
pathogenic bacteria interact with the components of the gastrointestinal wall. It should be noted that
defining what constitutes a commensal or beneficial bacterium remains challenging because
commensal bacteria can have pathogenic potential when they are present in the wrong place

(intracellularly, blood stream) and similarly, some potential pathogens can be found in the microbiome
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CHAPTER I

of healthy individuals. Therefore, it is necessary to further investigate what discriminates pathogens
and commensals (Artis, 2008; Tlaskalovd-Hogenova et al., 2004). It is suggested for example that
commensals cannot activate the immune system to the same extent as pathogens because they do not
produce virulence factors (section 1.2.1, p 31) that enable tissue penetration and invasion of cells. In

contrast, commensals are able to modulate immune responses and induce oral tolerance (Artis, 2008).

1.1.1 Composition of a healthy gut microbiome

Since the discovery that the gut contains an unexpectedly high density of bacteria, the intestinal
microbiome has gained much interest and with the availability of next generation sequencing, our
understanding particularly about the “who is there” has exponentially increased. In contrast, classical
microbiological culturing and staining techniques did not enable to identify the bacteria in the GIT.
Gram staining has traditionally been used to quantify and broadly classify bacteria. Gram-positive
(gram®) bacteria possess a thick cell wall composed of > 40 layers of peptidoglycan which incorporates
the crystal violet dye of the gram stain. In contrast, gram bacteria have a small peptidoglycan layer and
do not retain crystal violet during washing' (Coico, 2005; Moyes et al., 2009). Using sequencing
techniques, it has been found that the bacterial composition between individuals displays a large
variability and research has aimed to understand how extrinsic and intrinsic factors including
genotype, lifestyle and disease affected the composition of the microbiome (Duval et al., 2017; Foster
et al,, 2017; Holmes et al., 2017; Maier et al., 2018). Because of the large inter-individual variability, we
still only have a limited understanding of what is to be considered a healthy microbiome. Some general

aspects are summarised below.

(1) A healthy gut microbiota is characterised by a high diversity which enables adaptation to different
conditions and exert many different functions. As measures of diversity, ] -diversity describes
variation within a sample and [ -diversity compared variability between samples/subjects. An
ecologically rich community thus is characterised by a high J -diversity (Lyte and Cryan, 2014).

(2) We still only have a limited understanding about the total richness of the microbiome (Falony et
al., 2016; Kurokawa et al., 2007). Even in most large scale studies, (> 1000 participants), only about
300-400 genera are detected but extrapolations estimate the existence of over 750 genera. In

addition, many of these genera remain to be isolated, identified and characterised.

" https://laboratoryinfo.com/gram-staining-principle-procedure-interpretation-and-animation/
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(3) Bacteria of the gut microbiota predominantly constitute five phyla. Bacteroidetes and Firmicutes
are present in large quantities while Proteobacteria, Actinobacteria and Verrucomicrobia are less
abundant. Some genera of these phyla are present in large quantities and detected consistently in
most individuals. They are considered a core microbiome (Arumugam et al., 2011; Falony et al,,
2016; Gill et al., 2006). Other genera and particularly pathogenic bacteria are only present in small
quantities (low gene count). Those can only be found in studies with sufficient sequencing depth.

(4) The composition of the gut microbiota is spatio- and tempero-specific i.e. it changes along the
longitudinal axis of the intestine and with age. The changes along the longitudinal axis are dictated
by the local environment including pH, osmolality, availability of energy sources and oxygen
concentration. Therefore, the abundance of Lactobacillus for example is high in the proximal
compared to the distal gut. The overall population density increases sharply towards distal regions

and peaks in the colon were bacterial densities reach 10'%**

per gram (Stearns et al., 2011).
Age-related changes of the gut microbiota are inter-related with changes of lifestyle throughout a
person’s lifespan (Scott et al.,, 2017; Yatsunenko et al., 2012). For example, Staphylococcacae,
Corynebacteracae and Propionibacteriacae colonise the gut in children that were delivered via
caesarean section whereas Lactobacillacae and Prevotella dominate the microbiota in naturally
delivered babies. Later in life, breastfeeding increases Lactobacillus, Staphylococcus, Enterococcus,
and Bifidobacterium and in adulthood exposure to environmental bacteria, food antigens, social

interactions, etc. increases the abundance of various bacteria contributing to the high inter-

individual variability (Bashiardes et al., 2018).

Analyses of this variability have led to the concept of enterotypes. Enterotypes are reproducible
somewhat distinct patterns of bacteria composition that account for the variability of the microbiome.
These patterns have been described in a number of studies and although these differ with regard to
classification and sequencing techniques, it has been found that it is the abundance of the genera
Prevotella, Bacteroides and Ruminococcus (Firmicutes) that is most variable between individuals.
Therefore, their abundance, in combination with the abundance of some less abundant bacteria, can
be used to classify humans into enterotypes (Arumugam et al., 2011; Costea et al., 2017). It yet remains
to be determined however whether classification into enterotypes can be used as indicators for disease

susceptibility (Nguyen et al., 2015).
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Factors influencing the gut microbiome

The variability of the microbiome has prompted researchers to understand factors that contribute to
this variability. These include intrinsic (genetics, stress) and extrinsic (diet, bacteria, xenobiotics)
factors (Figure 1). The high interdependence of these factors is a major difficulty in the interpretation

of human studies and makes it difficult to conclude about the effect of any one single aspect.

Diet and Prebiotics

The effect of diet on the composition of the microbiome is particularly complex and difficult to
delineate because it is often intermingled with age, cultural habits and the geographical location.
Furthermore, gut-residing microbes are functionally redundant which means that although the
availability of energy sources and micronutrients will select for the growth of bacteria that are able to
degrade specific substrates, it is hard to establish a causative relationship between dietary components
and individual bacterial species (David et al., 2014a; Maukonen and Saarela, 2015).

The abundance of Bacteroides (phylum Bacteroidetes) for example is higher in humans that consume
a protein-rich Western compared to a diet rich in complex carbohydrates. Species of this genus are
particularly metabolically flexible and can switch between the fermentation of complex carbohydrates
and proteins. By contrast, a high abundance of another Bacteroidetes genus, Prevotella, has been linked
to the intake of carbohydrates (Bashiardes et al., 2018; Ha et al., 2014). It is associated with the
microbiomes of African children (low-fat/animal protein; rich in starch, fibre and plant
polysaccharides) compared to European children and a strict vegetarian’s diet (Yatsunenko et al., 2012).
Most other carbohydrate-associated bacteria such as Ruminococcaceae and Lachnospiraceae belong to
the Firmicutes phylum (Korpela, 2018; Sonnenburg et al., 2010). Carbohydrates that are indigestible
for the human host (prebiotics) including inulin, fructo- or galacto-oligo-saccharides (‘FOS’ and
‘GOS’), increase Bifidobacteria (phylum Actinobacteria) and Lactobacillus (phylum Firmicutes) which
may account for their health-promoting effects (Burokas et al., 2017a; Schroeder et al., 2017). However,
fermentable carbohydrates (fermentable oligo- and disaccharides, monosaccharides and polyols,
FODMAPs) have also been associated with to the development of chronic visceral pain (Zhou et al.,
2018). This is supported by effective treatment of irritable bowel syndrome patients with a diet low in
FODMAPs (Valeur et al., 2018). This diet reduces Bifidobacterium in stool samples and also decreases
symptom severity (Bennet et al., 2017; McIntosh et al., 2017).

In contrast to carbohydrates and proteins (Holmes et al., 2017), much less is known about the effect of
dietary fat on the microbiome. High-fat diets (HFD) have strong effects on microbiome composition

(Murphy et al., 2015) but because they are most frequently, and particularly in animal models; linked
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to obesity (see section 0, p 55), the effect of dietary fat on microbiome composition is difficult to
delineate. Using a mouse model that is resistant to diet-induced obesity, Hamady et al. (2009) have
described changes of HFD on microbiome independent from obesity. Consistent with the confounded
human studies, they found that the Bacteroidetes are depleted under high-fat conditions and this was
associated with an increase of bacterial stress-related genes (Hamady et al., 2009). The associated
changes of bacterial metabolism and the increase of genes related to cell motility may also affect the
epithelial barrier and thus, contribute to the increase of serum lipopolysaccharides after consumption

of a high-fat meal (Erridge et al., 2007).

Stress

Increased of intestinal permeability and
alteration of immune function

Host signals

Adrenalin and noradrenalin via direct
interaction

microRNA
defensins
Inflammatory response

+ Enterococcus, Proteus
* Prevotella, Flexibacter
« Turicibacter

« decrease of other Firmicutes

Diet

Species and strain

Carbohydrates

+ insoluble polysaccharides

* Soluble polysaccharides

* Fructo-, galacto-oligosaccharides

(FOS, GOS)

* Mono-, disaccharides
Proteins
Fats
FODMAP

Human
Mouse
+ Lactobacillus, Turicibacter

« Tannarella, Alispipes
+ Mollicutes (Tenericutes phylum)
* low Prevotella and Akkermansia

Firmicutes
@ Bacteroidetes
° Actinobacteria
Proteobacteria
Verrucomicrobia

8

Strain-specific differences

&
3

Other bacteria

Pharmacologic intervention Probiotics
+ Lactobacillus lactis, breve
+ Bifidobacterium longum
* E coliNissle
+ Steptococcus thermophilus
Pathogens
« Citrobacterrodentium, EHEC,
EPEC, Salmonella, Campylobacter
jejuni, Helicobacter pylori
» Staphylococcus aureus,
Clostridium difficile

Antibiotics
vancomycin
« clarithromycin
+ antibiotic-resistant strains
Proton pump inhibitors
« Pathogenic bacteria

Figure 1: Summary of factors that contribute to the variability of the microbiome. Intrinsic factors (green) include species and
strain, host signals and stress whereas diet, pharmaca and other bacteria constitute extrinsic factors (violet). Color code is used

to refer to the phyla as indicated in the center. For details compare text below.
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Bacteria (probiotics and pathobionts)

The high abundance and symbiotic relationship of commensal bacteria with their hosts (section 1.1.2)
generally counteracts colonisation with environmental bacteria. However, food-related and
environmental bacteria are present in the GI lumen and may, even though their presence is transient,

affect the composition of the microbiome (David et al., 2014b).

It has been suggested that the health-promoting effects of probiotic bacteria which can be consumed
with fermented food or supplied as capsules, are due to alterations of the microbiome. Indeed,
administration of probiotics such as Bifidobacterium and Lactobacillus increases the stability of the
microbiome and the abundance of the probiotic strain (Kajander et al., 2008; Larsen et al., 2006; Yoon

et al.,, 2015). However, a number of studies also failed to detect profound changes of microbiome

composition after probiotic treatment (Bogovié MatijasiC et al., 2016; Kajander et al., 2007; Larsen et
al., 2011). One explanation could be that probiotic species are also part of the healthy microbiome and
thus, the effect of probiotic treatment strongly depends on microbiome composition prior to the
intervention as well as the specific strain and the used amounts of bacteria. It could also be that it is
their transient adherence to the intestinal epithelium which increases the epithelial barrier function or
the production of antimicrobial substances and makes them more effective than commensal

Lactobacillus or Bifidobacterium strains (Dunne et al., 2001; Jensen et al., 2012; Ren et al., 2014).

On the other hand, infection with pathogenic bacteria is thought to induce sustained changes of the
microbiome. These bacteria are able to overcome colonisation resistance (section 1.1.2) because they
express host-attachment proteins, antibacterial peptides and virulence factors that alter gene expression
in the host and the commensal bacteria. For example, metabolites present in conditioned media from
Clostridium difficile were shown to impair the growth of several strains of commensal bacteria (Horvat
et al., 2017). Colonisation with Salmonella enterica or Helicobacter hepaticus required the virulence
factor secretion system TTSS (type three secretion system) or cytolethal distending toxin (CDT) (Ge et
al., 2005; Lam and Monack, 2014; Stecher et al., 2007) and Citrobacter rodendium, the mouse equivalent
to pathogenic Escherichia coli, as well as Staphylococcus aureus express the attachment proteins
translocated intimin receptor (Tir) and wall-teichoic acids which enable binding to host proteins (Deng
et al., 2003; Misawa et al., 2015). The dependence on distinct factors suggests that pathogens could have
specific effects on certain commensal bacteria and particularly affect those that compete with the
pathogen. Although this might indeed be the case, it is often difficult to link infection to a specific

pathogen and this suggests that infection-associated inflammation probably causes more profound
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changes in the microbiome (Lupp et al., 2007; Pham and Lawley, 2014; Walker and Lawley, 2013). On
the contrary, there is now good evidence that the presence of individual commensals can protect from
infection with specific pathogens. A mix of Lactobacillus grasseri, Parabacteroides goldsteinii,
Muribaculum intestinale, Anaerostipes caccae, Clostridium and Bacteroides species was found to be
sufficient to decrease susceptibility to Salmonella colonisation and Bacteroides sartorii, Parabacteroides
distasonis, Clostridium bolteae and Blautia producta were protective against vancomycin-resistant
Enterococcus faecium infection (Caballero et al., 2017; Thiemann et al., 2017). This indicates that
therapeutic targeting re-establishment of a healthy microbiome in addition to eradicating the intruder

may constitute a therapeutic intervention for persistent infections.

Pharmacologic interventions

The interest in understanding the interaction between xenobiotics and the microbiome is at least
two-fold. On the one hand, pharmacologic treatment, particularly some antibiotics, is often associated
with symptoms of gastrointestinal dysfunction (diarrhoea and constipation). On the other hand, the
possibility that drugs could be used to modify the microbiota or its metabolites constitutes an
interesting area for the development of new therapeutic strategies (Rajpal et al., 2015; Rodrigues et al.,
2017). Indeed, a number of xenobiotics including proton pump inhibitors and antipsychotics were

found to have profound effects on the intestinal microbiome (Maier et al., 2018).

For obvious reasons, antibiotics have a strong effect on the intestinal microbiota (Imhann et al., 2017).
Depending on their mechanism of action, they eradicate susceptible bacteria and facilitate the
expansion of resistant bacteria or those that are able to inactivate these drugs (Maurice et al., 2013).
The cell wall-targeting antibiotic vancomycin for example increased the abundance of the
gram™ [ -proteobacteria and vancomycin-resistant strains of enterococci and enterobacteria while
anaerobic bacteria and particularly Bacteroidetes decreased (Rodrigues et al., 2017). In contrast, the
broad spectrum antibiotic Clarithromycin increases gram* aerobic cocci and antibiotic-resistant strains
whilst decreasing Enterococci (Jernberg et al., 2010). Overall, antibiotics thus decrease microbial
diversity but do not, even when combinations of different antibiotics are used, eradicate all
gastrointestinal bacteria which is associated with a higher susceptibility to infection with pathogenic
bacteria (Morgun et al., 2015; Ng et al., 2013; Rajpal et al., 2015).

Other xenobiotics have also been shown to modulate the microbiome (Maier et al., 2018; Zhernakova
et al., 2016). Proton pump inhibitors (PPI) for example are associated with a higher risk of infection

with pathogens such as Campylobacter, Salmonella and Clostridium and with higher abundances of
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Streptococcaceae, Enterococcaceae and Staphylococcocaceae. In contrast, Bifidobacteriaceae and
Ruminococcaceae are negatively affected by PPI (Imhann et al., 2017). These changes can be attributed
to the PPI-induced suppression of gastric acid secretion which strongly inhibits growth of bacteria and
direct effects of PPI on microbial gene expression but a direct effect of PPI on commensal bacteria has

also been suggested (Freedberg et al., 2015; Maier et al., 2018).

Stress

Evidence for an effect of psychological stress on microbiota composition has emerged from dietary
intervention studies with pro- and prebiotics that were shown to reduce stress-related parameters as
well as salivary cortisol awakening response (Kato-kataoka et al., 2016; Schmidt et al., 2015). Since then,
the effect of adult, post- and prenatal stress on the microbiome has been addressed in rodent models.
For example, Pusceddu et al. report an increased abundance of Akkermansia, Prevotella and Flexibacter
in female maternally separated rats (Pusceddu et al., 2015). In contrast, Moussaoui et al. report a
decreased abundance of Oscillospira, Ruminococcus, Lachnospira, Roseburia, Coprococcus and
Akkermansia and increases of Enterococcus, Proteus and Turicibacter in a rat model of limited nesting
stress followed by brief maternal separation (Moussaoui et al., 2017). Socially isolated adult mice
differed from control animals based on Clostridium (increase) and Lactobacillus (decrease) (Bailey et
al., 2011; Golubeva et al., 2015). The microbiota of mice stressed by restraint or food and water
deprivation was also characterised by an increase of Lachnospiraceae (belonging to the class of
Clostridia) but more importantly a decrease of Tannerella and Prevotellla (Bailey et al., 2010). Overall,
the microbiome of stressed animals differed from control animals on a family and genus level but the

changes appear to be stressor-related and alterations cannot be generalised across studies.

Although these studies clearly demonstrate that stress induces alterations of the microbiome, there is
still a lack of understanding with regard to the underlying mechanisms (Lomax et al., 2010; O’Mahony
et al., 2011). Stress increases the permeability of the intestine potentially via Corticotrophin-releasing
hormone (CRF) which can lead to bacterial translocation past the intestinal epithelium (Foster et al.,
2017; De Punder and Pruimboom, 2015). This induces an immune response (section 1.1.2) and thus,
the secretion of antimicrobial peptides and antibodies from the intestinal epithelium which could, in
turn, affect the microbiota. Stress also activates the sympathetic nervous system and this could either
directly through norepinephrine receptor-like structures expressed by bacteria or through regulation

of the digestive activity and nutrient availability alter microbiome composition (Rooks et al., 2017).
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Animal species and strains

Based on the enormous variability of the human and mouse microbiome, it was suggested that species
genetics have a strong influence on microbiome composition (Nguyen et al., 2015). Indeed, it was
found that the abundance of Prevotella and Akkermansia is very low in mice compared to humans
(Doherty et al, 2017) whereas mouse microbiomes are rich in Lactobacillus and Turicibacter
(Firmicutes) as well as Tannarella and Alistipes (Bacteroides). In addition, species belonging to the
phylum Tenericutes (Mollicutes) are more frequently associated with mice (Scott et al., 2017). In a
seminal study however, where Muegge et al. (2011) compared the microbiome composition of
33 mammalian species with regard to their function, it was found that there was a low association of
bacterial lineages or gene content with the phylogenetic relation of species. Instead, the high [ -diversity
of bacteria and their function was related to the diet of a particular species and it was concluded that
dietary intake has a stronger influence on the functions of the core microbiome than species’ genetics
(Muegge et al., 2011) and this suggests that, in future studies, a better correlation between human and
mouse studies might be achieved by changing the animals housing conditions and diet.

However, although dietary habits appear to be an overwhelming factor with regard to variability on a
population level, the effect of genotype on the microbiome is a concern particularly in animal research
using standardised diets. When exposed to a number of different diets, the microbiome of various
mouse strains changed in agreement with Muegge et al. (2011). Yet, an increase of Akkermansia,
Lachnospiraceae and Clostridia in response to a high fat/high sugar diet was observed in most
investigated strains but not in 129S1/Svim]J and NZO/HILt] mice (Carmody et al., 2015; Holmes et al.,
2017). Furthermore, conventional but not germfree mice C57Bl/6 mice become obese when they are
fed various diets (Béickhed et al., 2004a, 2007) whereas a higher susceptibility of conventional compared
to germfree C3H mice to obesity was only observed when both were fed a Western diet (Fleissner et
al., 2010). Additionally, colonisation of germfree mice with the microbiota from Balb/c or NIH Swiss
mice results in alterations of behaviour specific to the strain (Bercik et al., 2011). From these studies, it
can be concluded that attention should be paid when choosing a suitable mouse model and that

confounding factors influencing the microbiome composition need to be considered.

Modulation by the human host

From what has been described so far, it appears that the composition of the microbiome is mostly
affected by extrinsic factors and is not the target of specific regulation by the host. Given the wide-
ranging benefits of some bacteria in contrast to others, it would be surprising if the host hadn’t

developed mechanisms to modify the composition of its microbiome. Consistent with this idea, Liu et
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al. (2016) have shown that epithelial cells produce microRNAs that regulate the growth of commensal
bacteria (Liu et al., 2016). Others have also identified microRNAs that specifically inhibit the growth
and virulence of pathogenic bacteria (Duval et al., 2017). The stimuli that induce microRNA
production still remain to be uncovered but certainly, microRNA represent an interesting target for

future attempts to modulate the microbiome.

One aim of this section was to highlight the various factors that contribute to the variability of
microbiome composition. Those are strongly interdependent and disentangling them will remain a
challenge for the future. Contradictory findings are thought to be related to an insufficient sequencing
sensitivity and technological effects of sampling and data analysis (Faith et al., 2013). The storage and
processing of samples for example have been shown to influence the abundance of certain species.
Therefore, standardisation will become particularly important to compare studies and draw meaningful

conclusions.

1.1.2 The microbiome and the Gl tract

The gastrointestinal tract has a surface area of 32 m* and is the body’s largest contact point with the
outside world (Helander and Fandriks, 2014). Colonisation with commensal bacteria has been
appreciated for many years but we are only now starting to better understand the details of this
symbiosis. In the following section, the close functional relationship between anatomical structures of
the GI tract and commensal microbes will be described (Fig 2). A detailed description of the sensory

systems will be the focus of section 2 (p 38).

Colonisation resistance

The mere presence of the gut microbiota in the intestinal lumen antagonises colonisation with
pathogenic bacteria. Commensal bacteria occupy potential binding sites for pathogenic bacteria on
host cells. Those include membrane-bound receptors and glycolipids expressed on the surface of
epithelial cells. The intake of oral broad-spectrum antibiotics partially reduces the numbers of adherent
commensal bacteria and increases the susceptibility to drug-resistant pathogenic bacteria (Morgun et

al., 2015, Walker et al., 2013).

Commensal bacteria influence the availability of nutrients which may contribute to a reduced survival

and growth of pathogenic bacteria. However, it is especially pathogenic bacteria that are metabolically
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flexible and can derive energy from various sources. In fact, pathogens such as Salmonella typhimurium
and Clostridium difficile use mucus-derived substances for their metabolism and thus, depend on the
presence of mucus-degrading commensals that provide fucose and sialic acid for example. Similarly,
mono- and disaccharides which are the preferred metabolite for pathogenic Escherichia coli, are more
abundant in the presence of saccharolytic commensal bacteria (Pacheco et al., 2012). Thus, although
competition for nutrients restricts the growth of some bacteria, it is not a strong selecting factor against

pathogens (Baiimler and Sperandio, 2016; Vogt et al., 2015).

In contrast, the ability of commensal bacteria to produce antimicrobial substances and inhibitors of
bacterial proliferation may more specifically target pathogenic bacteria (Sanchez et al., 2010).
Substances with known antimicrobial function have been found in the genomes of Lactobacillus,
Escherichia coli and Bifidobacterium species and those can kill or inhibit the growth of Klebsiella
pneumonia, Yersinia pseudotuberculosis, Staphylococcus aureus and Salmonella typhimurium in-vitro
(Collins et al., 2017). In gram* bacteria, these constitute pore-forming peptides that are related to the

antimicrobial cathelicidins and [ -defensins produced by the host.

In addition to antimicrobial substances, gram® and gram™ bacteria in the gut also secrete molecules that
signal high population density (quorum sensing). These mediators constitute peptides (gram*) and
small molecules (gram’) which have profound effects on bacterial gene expression. It has been shown
that quorum sensing molecules antagonise QS from other, even closely related species (Canovas et al.,
2016; Paharik et al., 2017; Qazi et al., 2006; Vasquez et al., 2017). However, some bacteria are able to
“cheat” and activate QS-regulated genes without producing the respective QS molecule or respond to
QS molecules from other species (Roy et al., 2010). Bacteroides thetaiotaomicron has also been shown
to decrease expression of E. coli shiga toxin by secreting small molecules that are not involved in QS
(De Sablet et al., 2009). This evidence for cross-talk of bacterial communities is highly relevant in the
context of the intestine and further studies should investigate the effect of these interactions on

microbial gene expression.

Epithelial barrier

It is a major function of the GI tract to protect the host from harmful stimuli present in the intestinal
lumen. The epithelium which comprises absorptive enterocytes as well as specialised cells that produce
mucus (Goblet cells), antimicrobial peptides (Paneth cells) and gut hormones (enteroendocrine cells),

is an essential component of the intestinal barrier (Batimler and Sperandio, 2016; Kamada et al., 2013;
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Pickard et al., 2017). In the following, the roles of these cells and their modulation by

commensal/probiotic bacteria will be described.

microbiota

mucus

epithelium

submucosa

submucus plexus

circularmuscle

myenteric plexus

longitudinal muscle

extrinsic innervation
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Figure 2: Intestinal microbes are in close contact with anatomical structures of the GI tract and affect their function.
Commensal bacteria contribute to colonisation resistance, metabolism and the development and function of the immune and
nervous system though their presence in the intestinal lumen, production of antimicrobial substances (AMP) and metabolites,
their interaction with specialised epithelial cells (EEC, pink granules; Paneth cell, orange granules; Goblet cell, yellow granules),

resident immune cells and neurons. Refer to the text for further details. Figure adapted from (Yoo and Mazmanian, 2017)
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The integrity of the epithelial barrier is dependent on the expression of cell-cell and cell-matrix
proteins. Tight-junction and adherence junction proteins are composed of claudins and occludins for
example and it has been shown that commensal bacteria regulate their expression and consequently,
epithelial permeability (OHland and MacNaughton, 2010). Incubation of epithelial cell lines with
probiotic bacteria increases the expression of tight junction proteins. When epithelial cells or intestinal
tissue are incubated with commensal bacteria, trans-epithelial resistance increases while FITC dextran
passage decreases which is in line with a lower level of tissue permeability and ion movement (Jensen
et al., 2012; Karimi et al., 2018). Furthermore, colonisation of germfree animals with commensal
bacteria also decreases the amounts of fluorescein isothiocyanate (FITC) that translocate from the
lumen into the tissue after oral gavage of the dye. Different bacterial strains differ in their protective

capacity indicating that it is important which bacteria interact with epithelial cells (Sultana et al., 2013).

The interaction of epithelia and bacteria also modulates the expression of mucins and other defence
proteins from specialised cells in the intestinal epithelium. Goblet cells are located in the crypts of the
epithelium and produce mucins. These are composed of a protein moiety which is heavily glycosylated
and thus, forms a gel-like protective layer covering the epithelium (Liévin-Le Moal and Servin, 2006).
Lactobacillus species potently induce mucin secretion in colonic cell line via the production of a yet
unidentified heat-resistant non-proteinaceous soluble mediator (Caballero-Franco et al., 2007) and
Bifidobacterium longum have been shown to increase the thickness of the mucin layer in-vivo
(Schroeder et al., 2017). Regulation of mucin secretion may constitute an advantage for commensals
because, some of these can use mucins, particularly their sugar moieties, for energy metabolism.

With regard to Paneth cells, it is still a matter of debate whether commensal bacteria induce secretion
from these immune-like cells. On the one hand, regenerating islet-derived 3-r (RegIlIf) and IgA
production are markedly reduced in germfree animals and ] -defensin secretion can be induced in-vitro
by exposure of small intestinal crypts or cell lines to bacteria or bacterial products (Ayabe et al., 2000,
2002; Cash et al., 2006; Hapfelmeier et al., 2010). On the other hand, germfree mice also express
defensin genes and are not devoid of Paneth cells indicating that commensal bacteria are not required
for defensin expression or differentiation (Putsep et al., 2000). Thus, given the potential negative effects
of Paneth cell mediators for bacteria including commensals, the microbiota might not contribute to a

constitutive expression of these proteins but rather for regulating their turnover (Salzman et al., 2007).
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Metabolism

The intestine also is essential for nutrient absorption and energy supply. Nutrients are taken up on the
apical surface of enterocytes via passive or active transport. On the basolateral side, they are secreted
into the interstitium and enter the circulation via the portal vein or lymphatics. The intestinal
microbiota impacts the availability and composition of the absorbable molecules through metabolising

ingested food components and synthesising essential (micro-) nutrients (Rowland et al., 2017).

The metabolism of commensal bacteria is adjusted to the available energy sources at different sites of
the GI tract. In the upper gut, these include carbohydrates, amino acids and other metabolites that are
generated by human digestive enzymes. In the lower gut, it is mostly indigestible food components that
are available and because of the low oxygen concentration, most bacteria ferment these substrates.
Based on their preferred substrates, bacteria can be categorised as being proteolytic or saccharolytic.
The former express enzymes that enable the degradation of proteins and amino acids such as ureases
and amino acid decarboxylases, transaminases and lyases (Muegge et al., 2011). Saccharolytic bacteria
on the contrary metabolise dietary fibre (arabinoxylan, cellulose, [ -glucan, fructan, resistant starch and
lignin) which constitute a major component of plant products (Maukonen and Saarela, 2015; Scott et
al., 2008; Sonnenburg et al., 2010), shorter fermentable carbohydrates (FOS, GOS, FODMAP) and host
glycans. Bifidobacteria and Lactobacillus species are well-known for their potential to degrade FOS and
GOS as well as mannans, sialylated glycans, galactose or fucosyloligosaccharides. Some species of the
Bacteroides family have been shown to grow on porcine mucin O-glycans (Pudlo et al., 2015).

The end products of protein and carbohydrate fermentation include short chain fatty acids (SCFA).
Almost 20 % of the species from different phyla (Vital et al., 2014) and particularly saccharolytic
bacteria produce butyrate and propionate which constitute important bacteria-host signalling
molecules. Colonocytes use butyrate for their energy metabolism and it also contributes to immune
cell differentiation as well as hormone secretion from enteroendocrine cells. In contrast, proteolytic
bacteria preferentially produce valerate and iso-valerate via deamination or decarboxylation of dietary
or host proteins. These cannot be absorbed and by-products of proteolysis such as amines, indoles,
hydrogen sulfide and branched chain fatty acids are known to have negative effects on human health
(Rowland et al., 2017). Consequently, the metabolite and SCFA profile in particular can be used as an
indicator of microbiome composition but is not linked to the presence or absence of specific bacteria

as some strains can alternate between fermentation pathways when different substrates are provided.
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Members of the microbiota also synthesise nutrients that are essential for the host. Many species of the
Bacteroidetes phylum (90 %) but also smaller proportions of Fusobacteria, Proteobacteria and
Actinobacteria have the potential to synthesise different B vitamins including thiamine (B1), folate,
biotin (B7) and cobalamin (B12) (Rowland et al., 2017; Yatsunenko et al., 2012). In addition, gene
transcripts for the enzymes catalysing glutamate synthesis have been found in microbiome analyses

particularly in individuals and animals on a low protein diet (David et al., 2014a).

Lastly, the microbiota is also involved in de-conjugating and metabolising bile acids which is important

for their <~
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